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ABSTRACT 

In the absence of wind a buoyant plume of effluent discharged to the sea 
some distance from the shoreline is most frequently swept nearly parallel to 
the coast by the tidal currents. The main reason for a surface plume to 
approach the beach is if there is a wind blowing onshore. Although the wind 
has this adverse effect of allowing the effluent to reach the shore it tends 
at the same time to cause additional mixing so reducing the pollution risk. 
It is important in planning outfalls to know the extent of this extra 
mixing. 

The processes causing plume dilution from outfall to shore are first 
reviewed in the absence of wind. The presence of a wind is found to cause 
extra mixing by two important physical processes. The first is the 
entrainment of ambient water into the plume caused by the turbulence in the 
plume induced by the wind. This process resembles that of thermocline 
deepening in lakes and oceans. Experiments, observations and theory are 
described for this related case. The entrainment rate depends on a 
Richardson number formed from the reduced gravity, surface friction velocity 
and surface layer depth. The second process is the shear layer dispersion 
caused by the wind-induced surface current. This process gives a horizontal 
dispersion coefficient larger than the turbulent diffusion and more 
effective at causing mixing. 

In a simple bulk-flow model of an effluent plume these effects can be 
incorporated by introducing vertical entrainment of the ambient water and by 
augmenting the lateral turbulent diffusion with a shear dispersion term. In 
a 2D depth-integrated model only the shear dispersion is important and it 
can be modelled as an anisotropic diffusion coefficient. In a 3D model, on 
the other hand, all the physical effects are included. The only extra terms 
that might improve the representation would be the effects of surface and 
interfacial waves and extra turbulence at the surface where the wind shear 
induced turbulence is generated. 

An example of a 3D model of a cooling water plume is given with realisations 
without wind and with a 5m/s and 10m/s wind. The results show that for a 
5m/s wind the plume trajectory is changed, but little extra mixing occurs. 
With a 10m/s wind a great deal of mixing is found causing the surface 
isotherm areas to be much less than in the case without wind. 

By making these additions to the basic plume models it should be possible to 
avoid making conservative approximations that tend to lead to over-cautious 
design of sea outfalls. 
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1 INTRODUCTION 
The d i s c h a r g e  of e f f l u e n t  t o  t h e  s e a  u s u a l l y  l e a d s  t o  
a  buoyant s u r f a c e  plume. Such plumes may have s e v e r e  
env i ronmenta l  impacts  and i n  t h e  case  of c o o l i n g  w a t e r  
plumes i t  i s  a l s o  i m p o r t a n t  t o  avo id  r e c i r c u l a t i o n .  
For  t h i s  r eason  buoyant plumes a r e  f r e q u e n t l y  model led  
(eg  Refs 1, 2 ,  5, 6 e t c )  i n  o r d e r  t o  p r e d i c t  t h e s e  
e f f e c t s  b e f o r e  c o n s t r u c t i o n  is begun. 

I n  t i d a l  w a t e r s  a  buoyant plume d i s c h a r g e d  o f f s h o r e  i s  
u s u a l l y  c a r r i e d  t o  and f r o  w i t n  the t i d a l  o s c i l l a t i o n  
n e a r l y  p a r a l l e l  t o  t h e  s h o r e .  I n  a d d i t i o n  t h e r e  i s  a  
weak tendency f o r  t h e  plume t o  move shoreward on t h e  
f lood  and seaward on t h e  ebb. A s  t h e  plume i s  on t h e  
s u r f a c e  a  much more l i k e l y  cause  of t h e  plume coming 
onshore ,  where t h e  s e n s i t i v e  a r e a  i s  l i k e l y  t o  be,  i s  
i f  t h e r e  i s  a n  onshore  wind. The s u r f a c e  wa te r  w i l l  
a c q u i r e  a  v e l o c i t y  component of 1-3% of t h e  wind speed  
i n  t h e  d i r e c t i o n  of t h e  wind v e c t o r .  The r e t u r n  
c u r r e n t  i s  n e a r  t h e  bed where i t  w i l l  n o t  a f f e c t  t h e  
plume u n t i l  i t  Be t s  very  c l o s e  t o  t h e  s h o r e .  

However, a l t h o u g h  t h e  onshore  wind i s  b e l i e v e d  t o  be 
ve ry  o f t e n  the  most a d v e r s e  c a s e  i t  has o t h e r  e f f e c t s  
t end ing  t o  reduce t h e  magnitude of t h e  p o l l u t i o n  
problem. The e x t r a  t u r b u l e n c e  t h e  wind g e n e r a t e s  
causes  v e r t i c a l  mixing,  t e n d i n g  t o  deepen t h e  plume 
and reduce t h e  c o n c e n t r a t i o n s .  I n  a d d i t i o n  t o  t h i s  
e f f e c t  t h e  wind g e n e r a t e d  c u r r e n t  l e a d s  t o  a  s t r o n g  
s h e a r i n g  l a y e r ,  w i t h  d i f f e r e n t  c u r r e n t  speeds  o r  
d i r e c t i o n s  a t  d i f f e r e n t  d e p t h s ,  which t e n d s  t o  
d i s p e r s e  t h e  plume h o r i z o n t a l l y ,  a g a i n  reduc ing  t n e  
peak c o n c e n t r a t i o n s .  

I n  o r d e r  t o  q u a n t i f y  t h i s  c a s e  t h e  plume dynamics i n  
t h e  absence of wind a r e  examined f i r s t  (Chap te r  2 ) .  
Numerical models used f o r  buoyant plumes a r e  a l s o  
d e s c r i h e d .  I n  Chapter  3 t h e  v e r t i c a l  mixing and s h e a r  
d i s p e r s i o n  caused by a  wind a r e  examined i n  t u r n  and 
s u g g e s t i o n s  f o r  how they may be approx imate ly  modelled 
a r e  g iven .  

2 PLUME DYNAMICS 
WITHOUT WIND 

An a p p r e c i a t i o n  of t h e  mechanisms t h a t  govern t h e  
mixing of a  buoyant ~ l u m e  i o  t h e  absence of wind i s  
c l e a r l y  n e c e s s a r y  a s  a f i r s t  s t e p  i n  examinins  t h e  
e f f e c t  of t h e  wind. These mechanisms w i l l  De 
d e s c r i o e d  s t a r t i n :  from t h e  d i s c h a r g e  p o i n t  and 
proceeding through e v e r  A r e a t e r  d i l u t i o n s  u n t i l  t h e  
plume becomes c o ~ o p l e t e l y  mixed i n  w i t h  t h e  ambient 
wa te r  a t  Zrea t  d i s t a n c e s  from t h e  o u t f a l l  and long  
t i n e s  a f t e r  d i s c h a r g e .  F i g u r e s  1, 2 and 3 show t h e  
main p r o c e s s e s  s c h e ~ n a t i c a l l y .  

2 .1  I n i t i a l  d i l u t i o n  
I i  the d i s c h a r ~ e  s t r u c t i l r e  i s  s u b ~ ~ ~ e r l e d  tile11 a 
combinat ion of  t ! ~  j ? t  aornentuin and t i ~ ?  buoyancy ,>f 



t h e  e f f l u e n t  w i l l  c ause  t h e  plume t o  r i s e  t o  t h e  
s u r f a c e .  The t u r b u l e n c e  of t h e  r i s i n g  plume c a u s e s  
ambient  w a t e r  t o  be e n t r a i n e d  and d i l u t i o n  t o  o c c u r  
(F ig  l ) .  The amount of d i l u t i o n  depends s t r o n g l y  on 
t h e  ambient  c u r r e n t  speed and f o r  a  sewage o u t f a l l  may 
be t e n s  o r  hundreds of t imes  g r e a t e r  a t  t imes  of 
maximum c u r r e n t  t h a n  a t  s l a c k  w a t e r  (Ref 1). T h i s  
l e a d s  t o  c h a r a c t e r i s t i c  p o o r l y  d i l u t e d  p a t c h e s  of 
e f f l u e n t  being formed a t  s l a c k  wa te r  p e r i o d s  which a r e  
then t r a n s p o r t e d  by c u r r e n t s  and wind (Ref 2 0 ) .  A s  
t h e s e  p a t c h e s  have l a r g e  buoyancy and a r e  t h e r e f o r e  
compara t ive ly  immune t o  mixing i t  i s  p a r t i c u l a r l y  
impor tan t  t o  p r e d i c t  t h e i r  t r a j e c t o r i e s  and e s t i m a t e  
t h e i r  c o n c e n t r a t i o n .  

Power s t a t i o n  d i s c h a r g e s  have h i g h  d i s c h a r g e s  and 
o f t e n  ve ry  l i t t l e  i n i t i a l  d i l u t i o n  may occur  
e s p e c i a l l y  a s  o u t f a l l s  a r e  f r e q u e n t l y  l o c a t e d  i n  
r a t h e r  sha l low wa te r .  

2 . 2  Buoyant s p r e a d i n g  
A f t e r  r e a c h i n g  the  s u r f a c e ,  even i n  a  g r e a t l y  d i l u t e d  
s t a t e ,  t h e  d e n s i t y  d i f f e r e n c e  from ambient  i s  u s u a l l y  
l a r z e  enough f o r  buoyant s p r e a d i n g  and r a d i a l  
s p r e a d i n g  due t o  t h e  i n j e c t e d  mass t o  dominate  
s t r o n g l y  over  t h e  s p r e a d i n g  due t o  t u r b u l e n t  
d i f f u s i o n  a s  t h e  plume i s  c a r r i e d  away by t h e  t i d a l  
c u r r e n t .  T h i s  i s  p a r t i c u l a r l y  t h e  c a s e  f o r  power 
s t a t i o n  c o o l i n g  w a t e r  plumes w i t h  t h e i r  o f t e n  poor 
i n i t i a l  d i l u t i o n  (Ref 2 ) .  The p h y s i c a l  p r o c e s s e s  of 
t h e  i n t e r a c t i o n  oE plume and t i d a l  c u r r e n t s  a t  t h i s  
s t a g e  a r e  ve ry  co~nplex ( s e e  F i g s  1 and 2 )  and may 
i n c l u d e  b i f u r c a t i o n  of t h e  plume downstream of t h e  
o u t f a l l  ( eg  S i z e w e l l ,  Ref 2 )  o r  t h e  f o r m a t i o n  of an  
a r r e s t e d  plume ups t ream of t h e  o u t f a l l  (Ref 3 ) .  

The plume u s u a l l y  o c c u p i e s  a  f a i r l y  s h a l l o w  l a y e r  a t  
t h i s  s t a g e ,  f o r  example a t  Eas tney  on t h e  S o l e n t  (Re£ 
4 )  t h e  sewage plume 500m from t h e  o u t f a l l  i s  abou t  2m 
deep. T h i s  i s  t y p i c a l  of many i u o y a n t  plumes, 
i n c l u d i n g  c o o l i n g  wa te r  plumes such a s  t h a t  a t  
S i z e w e l l  (Ref 6 ) .  

2 . 3  I3ixing plume 
Vhi le  s p r e a d i n g  ou t  under buoyancy and be ing  c a r r i e d  
a long  by the  c u r r e n t  t h e  plume is a l s o  mixing 
h o r i z o n t a l l y ,  mainly  from t h e  e d g e s ,  d e c r e a s i n g  t h e  
buoyancy u n t i l  t h e  l a t e r a l  s p r e a d i n g  r a t e  due t o  
t u r b u l e n c e  exceeds  t h a t  due t o  buoyancy ( F i g  3 ) .  The 
plune may s t i l l  be on t h e  s u r f a c e  b u t  i t  t e n d s  t o  
assume a  Gauss ian  l a t e r a l  p r o f i l e  and s? reads  o u t  a s  a  
r e s u l t  of ambient  t u r b u l e n c e .  I n  the  absence  of wind 
t h e r e  i s  n e g l i g i b l e  s h e a r  between t h e  plume and the  
ambient .  The p o i n t  a t  which t h i s  o c c u r s  may vary  from 
one plune  to  a n o t h e r  by a  l a r z e  amount, € o r  exa~np le  :L 
sewage pllxne may be expec ted  t o  l o s e  much of i t s  
buoyancy very r a p i d l j ;  CharLton (I lei  2 0 )  s u j - e s t s  
t h i s  can  h a , ~ p e n  w i t h i n  50m. 



A s  t h e  plume is  c a r r i e d  a l o n g  by t h e  ambient  c u r r e n t  
a n  i m p o r t a n t  p r o c e s s  may o c c u r  which can  be c a l l e d  
" n e g a t i v e  e n t r a i n m e n t "  (Kef 6 ) .  T h i s  r e s u l t s  f rom t h e  
f a c t  of t h e  main s o u r c e  of t u r b u l e n c e  g e n e r a t i o n  i n  
t h e  absence  of wind b e i n g  a t  t h e  bed. T'nis c a u s e s  t h e  
ambient  water u n d e r n e a t h  t h e  plume t o  be t u r b u l e n t  and  
t h e  e d d i e s  can  e n t r a i n  w a t e r  f rom t h e  plume by 
e n g u l f i n g  s m a l l  " p a c k e t s "  of i t  and i n c o r p o r a t e  i t  
i n t o  t h e  ambient  b e l o g  ( F i g  3 ) .  Such plume w a t e r  is  
mixed t h r o u g h  t h e  whole ambien t  w a t e r  column 
c o n t r i b u t i n g  t o  t h e  f o r m a t i o n  of t h e  f a r - f i e l d .  

2.4 F a r - f i e l d  
A s  a r e s u l t  of t h e s e  d i f f u s i o n  p r o c e s s e s  t h e  d e n s i t y  
d i f f e r e n c e  between t h e  plume and t h e  ambien t  w a t e r  
d e c r e a s e s  f u r t h e r  u n t i l  e d d i e s  can  form t h a t  occupy 
a l l  of t h e  w a t e r  column. The plume i s  t h e n  s p r e a d  
t h r o u g h  t h e  whole d e p t h  by t h e s e  e d d i e s  and i t s  
buoyancy e f f e c t s  c e a s e ,  i n  e f f e c t  i t  becoines a t r a c e r  
plume, t h i s  is t h e  f i n a l  s t a t e  shown i n  F i g  3. 

For  d i f f e r e n t  plume p a r a m e t e r s  t h e  changeover  t o  a 
well-mixed s t a t e  can  o c c u r  a t  d i f f e r e n t  t i m e s  a f t e r  
d i s c h a r g e .  For  a  power s t a t i o n  d i s c h a r g e  i t  c o u l d  
w e l l  t a k e  a l o n g  t ime  ( p e r h a p s  s e v e r a l  t i d e s ) .  On t h e  
o t h e r  hand t h e r e  i s  e v i d e n c e  t h a t  f o r  a  w e l l  d i l u t e d  
sewage plume i t  nay o c c u r  f a i r l y  soon.  A t  E a s t n e y  
a b o u t  3  h o u r s  a f t e r  d i s c h a r g e  and 5km f rom t h e  o u t f a l l  
t h e  c o n c e n t r a t i o n s  a t  j m  and i s m  below t h e  s u r f a c e  
were s e n s i b l y  t h e  same (Ref 4 )  i m p l y i n g  a much g r e a t e r  
d e p t h  f o r  t h e  plume, a l t h o u g h  no t  p r o v i n g  c o n c l u s i v e l y  
t h a t  i t  r e a c h e s  t h e  bed.  

Over many t i d e s  t h e  d i s c h a r g e d  w a t e r  forms a 
background d i s t r i b u t i o n  which i s  v e r y  i m p o r t a n t  f o r  
any p o l l u t a n t  w i t h  a  l o n g  s u r v i v a l  t ime  ( e g  c o l i f o r m s  
i n  f r e s h  o r  t u b i d  w a t e r s  o r  h e a t ) .  Tine s t r e n g t h  of 
t h i s  background depends  v e r y  s t r o n g l y  on w h e t h e r  t h e r e  
i s  a r e s i d u a l  t i d a l  f l o w  t o  remove t h e  p o l l u t a n t  f rom 
t h e  a r e a  (Ref 2 ) .  

Cor re spond ing  t o  t h e s e  d i f f e r e n t  p h a s e s  of plume 
development a v a r i e t y  of n u m e r i c a l  m o d e l l i n g  
t e c h n i q u e s  may be a p p r o p r i a t e .  These  have  been  
r ev iewed  by Odd (Hef 8 ) ,  t h e  most  i m p o r t a n t  w i l l  be 
d e s c r i b e d  b r i e f l y  h e r e .  

2 .5  D i f f u s i o n  models  
The l ~ o r i z o n t a l  s p r e a d i n 2  of a  s u r f a c e  plume a s  a 
r e s u l t  of t u r b u l e n t  d i f f u s i o n  can  be r e a d i l y  mode l l ed  
assamin;  G a u s s i a n  p r o f i l e s  of c o n c e n t r a t i o n  a c r o s s  t i le  
~ l u m e .  Such a  model assumes n e g l i z i b l e  buoyant  
s p r e a d i n g  b u t  i t  may n e v e r t i l e l e s s  be p o s s i b l e  t o  
assume t h a t  v e r t i c a l  d i f f u s i o n  i s  s u p p r e s s e d  as a  
r e s u l t  of t h e  d e n s i t y  d i f f e r e n c e  s o  a s  t o  g i v e  a  
c o n s t a n t  d e p t h  l a y e r .  Of c o u r s e  i f  t h e r e  i s  no 
d e n s i t y  d i f f e r e n c e  - a  non-buoyant p1u:ne - t h e n  t h e  
v e r t i c a l  d i f f u s i o n  c o e f f i c i e n t  can  be  approx ima ted  
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r e a c h  t h e  i n t e r f a c e  where t u r b u l e n c e  w i l l  be s t r o n g l y  
damped. A t  t h i s  s t a g e  two i m p o r t a n t  e f f e c t s  come i n t o  
p l a y .  The plume w i t h  i t s  wind-induced t u r b u l e n t  
e d d i e s  w i l l  s t a r t  t o  e n t r a i n  ambient  Mater from below 
i n  t h e  same way a s  t h e r m o c l i n e  deepen ing  o c c u r s  i n  
l a k e s  o r  i n  t h e  ocean.  Any e n t r a i n e d  ambient  water 
w i l l  be mixed through t h e  s u r f a c e  l a y e r  r educ ing  t h e  
buoyancy a t  t h e  same t ime.  The o t h e r  i m p o r t a n t  r e s u l t  
i s  t h e  s h e a r  i n  t h e  s u r f a c e  l a y e r .  T h i s  c a u s e s  
d i s p e r s i o n  i n  t h e  s e n s e  of T a y l o r  (Ref 1 1 ) .  T h i s  
d i s p e r s i o n  may be l a r g e r  than  t u r b u l e n t  d i f f u s i o n  
c a u s i n g  t h e  c e n t r e l i n e  c o n c e n t r a t i o n s  t o  d e c r e a s e  more 
r a p i d l y  t h a n  they  would w i t h  no wind. 

A s  t h e  t u r b u l e n c e  t e n d s  t o  d e c r e a s e  v e l o c i t y  g r a d i e n t s  
i n  t h e  s u r f a c e  l a y e r  a  s t r o n g  s h e a r  l a y e r  w i l l  form a t  
t h e  i n t e r f a c e .  Because of t h e  s t r o n g  d e n s i t y  g r a d i e n t  
a t  t h e  i n t e r f a c e  t h i s  s t r o n g  s h e a r  does  n o t  a c t  a s  a  
major s o u r c e  of t u r b u l e n c e .  

I f  t h e  plume i s  mixed through t h e  d e p t h  t h e  e x t r a  
v e r t i c a l  mixing due t o  wind and wave induced 
t u r b u l e n c e  i s  n o t  i m p o r t a n t ,  t h e  depth-mean c u r r e n t  i s  
o n l y  weakly a f f e c t e d  by wind and t h e  on ly  i m p o r t a n t  
e f f e c t  of t h e  wind is i n  i n c r e a s i n g  t h e  d i s p e r s i o n  i n  
t h e  wind d i r e c t i o n .  

I t  f o l l o w s  from t h e s e  complex i n t e r a c t i o n s  and a l s o  
fro,u t h e  u n c e r t a i n t i e s  i n  our  knowledge of plumes even 
w i t h o u t  wind e f f e c t s  (Chap te r  2 )  t h a t  i t  i s  v e r y  h a r d  
t o  use  o b s e r v a t i o n s  t o  o b t a i n  a n  e s t i m a t e  of t h e  e x t r a  
mixing i n  t h e  plume. I n  t h e  c a s e  of a  3D model,  on 
t h e  o t h e r  hand, many of t h e  mixing p r o c e s s e s ,  such  a s  
t h e  e f f e c t  of s h e a r  on t h e  plume, a r e  a c t u a l l y  
model led  whereas o t h e r s ,  eg e f f e c t  of waves, a r e  known 
t o  be a b s e n t .  T h e r e f o r e  i t  shou ld  be p o s s i b l e  t o  
compare r e s u l t s  wi th  o b s e r v a t i o n s  w i t h  and w i t h o u t  
wind, when s u i t a b l e  o b s e r v a t i o n s  a r e  a v a i l a b l e .  

The s u b j e c t  w i l l  be d i v i d e d  i n t o  two p a r t s ,  f i r s t l y  
( S e c t i o n  3 .1)  t h e  v e r t i c a l  a i x i n g  w i l l  be 
i n v e s t i g a t e d .  The t h e o r y  and exper imen t s  w i l l  b e  
d e s c r i b e d  a s  w e l l  a s  o b s e r v a t i o n s  i n  l a k e s  and t h e  
ocean.  These a r e  s i m p l s r  than  t h e  c a s e  3f a  plume a s  
t h e  ambient  is supposed t o  be a t  r e s t ,  o r  a t  l e a s t  n o t  
t u r b u l e n t ,  and t h e  s i t u a t i o n  is supposed t o  be 
h o r i ~ o n t a l  homogeneous. I n  s e c t i o n  3 . 2  t h e  h o r i z o n t a l  
v a r i a t i o n s  w i l l  be c o n s i d e r e d  a s  t h e  wind g e n e r a t e s  
d i s p e r s i o n  h o r i z o n t a l l y .  T h i s  p r o c e s s  o c c u r s  i n  t h e  
ocean a l s o  bu t  a s  t h e r e  a r e  no h o r i z o n t a l  ~ r a d i e n t s  i t  
h a s  no consequences .  



3.1 V e r t i c a l  mixing 
I n  t h i s  s e c t i o n  t h e  wind e f f e c t  t o  be s t u d i e d  i s  t h e  
v e r t i c a l  mixing,  s o  h o r i z o n t a l  u n i f o r m i t y  may be 
assumed. Bed g e n e r a t e d  t u r b u l e n c e  i s  i z n o r e d  a s  i t  i s  
i n  most e x p e r i o e n t a l  and t h e o r e t i c a l  work - t h i s  
shou ld  be a  c o n s e r v a t i v e  assumpt ion a s  t h e  t u r b u l e n c e  
w i l l  reduce t h e  peak c o n c e n t r a t i o n s .  

The system t h e r e f o r e  comprises  a  s u r f a c e  l a y e r  
a c c e l e r a t e d  and made t u r b u l e n t  by wind s t r e s s  o v e r  an  
ambient l a y e r  which i s  a s  y e t  u n a f f e c t e d  by t h e  wind. 
T h i s  i s  t h e  c a s e  of t h e  o c e a n i c  mixed l a y e r  and i t  i s  
w e l l  known t h a t  the rmoc l ine  e r o s i o n  occurs .  T h i s  i s  a  
one way p r o c e s s  ( i g n o r i n g  any t u r b u l e n c e  i n  t h e  
ambient)  i n  which t h e  ambient w a t e r  i s  e n t r a i n e d  i n t o  
t h e  plume which becomes n o r e  d i l u t e  a s  t h e  i n t e r f a c e  
deepens.  

Over many y e a r s  a  g r e a t  d e a l  of work has  been done on 
problems of t h i s  type  t h e o r e t i c a l l y ,  e x p e r i m e n t a l l y  
and o b s e r v a t i o n a l l y  ( s e e  r e f e r e n c e s  i n  Ref 21) .  A 
b r i e f  d i s c u s s i o n  w i l l  be g iven  t o  o u t l i n e  t h e  p h y s i c a l  
p r o c e s s e s  invo lved  i n  t h e r m o c l i n e  e r o s i o n .  A f t e r  t h i s  
t h e  i m p l i c a t i o n s  w i l l  be c o n s i d e r e d  f o r  mode l l ing  t h e  
wind mixing of a  plume both i n  t h e  bulk plume model 
and i n  a  3 D  model. When the  plume h a s  been mixed 
through t h e  d e p t h  i n  t h e  f a r - f i e l d  v e r t i c a l  mixing i s  
no l o n g e r  of i n t e r e s t  s o  t h i s  domain w i l l  no t  be 
cons ide red  f u r t h e r .  

The most r e l e v a n t  exper iments  a r e  t h o s e  i n  which a  
buoyant l a y e r  is  s e t  up i n  a  tank over  a  dense r  l a y e r  
and t h e  s u r f a c e  i s  s e t  i n  motion e i t h e r  by a  s c r e e n  o r  
by e n c l o s i n g  t h e  t ank  i n  a wind t u n n e l .  D i f f e r e n t  
tank g e o m e t r i e s  have been used i n c l u d i n g  a n n u l a r  t a n k s  
which have no end w a l l s .  Such exper iments  a r e  
d e s c r i b e d  i n  Refe rences  12-17. E a r l y  r e s u l t s  ( R e f s  
12 ,  13) showed t h a t  t h e  r a t e  of deepening (which i s  
t h e  same a s  t h e  e n t r a i n m e n t  v e l o c i t y  we) depended on a  
Xichardson number R i  based on d e n s i t y  d i f f e r e n c e  Ap, 
dep th  of s u r f a c e  l a y e r  h, s u r f a c e  f r i c t i o n  v e l o c i t y  
U*,  ambient  d e n s i t y  pa and g r a v i t a t i o n a l  a c c e l e r a t i o n  
g. A s  an example v a r i o u s  a u t h o r s  (Befs  13,  1 7 )  g i v e  
f o r a u l a e  of t h e  type:  

where a  i s  an e m p i r i c a l  c o n s t a n t  ( a  - 0 . 0 7 ) .  T h i s  
g i v e s  a  r a t e  oE deepening of about  l0mm/s f o r  a  2m 
t h i c k  l a y e r  a t  2'C above ambient wi th  a  lOm/sec wind.  

T h i s  f o r a u l a  h a s  been found t o  r e p r e s e n t  t h e  
ther ;nocl ine  deepen ins  b e s t  when t h e  e f f e c t  of end 
w a l l s  h a s  been f e l t  s o  t h a t  t h e  mean v e l o c i t y  i n  t h e  
s x r f a c e  l a y e r  i s  z e r o .  An i n t e r ~ u e d i a t e  l a y e r  betwee.1 



t h e  well-mixed s u r f a c e  l a y e r  and t h e  a ~ n b i r n t  o c c u r s  i n  
t h i s  c a s e  (Ref 16) .  

A more i n t e r e s t i n g  c a s e  may be b e f o r e  t h e  end w a l l s  
have had a n  e f f e c t  s o  t h a t  a  s t r o n g  s h e a r  is s e t  up i n  
t h e  s u r f a c e  l a y e r .  I n  t h i s  s i t u a t i o n  a  d i f f e r e n t  ( and  
l a r g e r )  en t ra inment  v a l u e  i s  found: 

-.L 
- W e  = p R i  where p - 0.6 (Refs  1 6 , 1 9 ) .  
U* 

( 2 )  

T h i s  g i v e s  a  r a t e  of deepening of abou t  80mm/s i n  t h e  
c a s e  cons ide red  above. The r e a s o n  f o r  t h e s e  tuo 
d i f f e r e n t  regimes (Ref 18)  i s  t h a t  end w a l l s  p r e v e n t  
mean s h e a r  between t h e  upper l a y e r  and lower l a y e r  s o  
one source  of t u r b u l e n c e  i s  a b s e n t  i n  t h i s  c a s e ,  t h e  
on ly  source  of t u r b u l e n c e  is d i r e c t  wind-mixing. 

Th i s  i s  made c l e a r e r  by t h e  t u r b u l e n t  k i n e t i c  energy 
ba lance  uh ich  has  been w r i t t e n  down f o r  s t u d y i n g  t h e  
upper l a y e r  i n  l a k e s .  It has  t h e  form (Ref 21) 

dh - l 1 2 dh  +(& gh) - - - cku! + - C U - 
pa d t  2 2  S d t  

where C k  and C S  a r e  c o n s t a n t s  and U i s  t h e  upper l a y e r  
v e l o c i t y .  The l e f t  hand s i d e  r e p r e s e n t s  t h e  energy 
r e q u i r e d  f o r  mixing and t h e  r i g h t  hand terms r e p r e s e n t  
energy i n p u t s  from wind s t r e s s  and i n t e r f a c i a l  s t r e s s  
r e s p e c t i v e l y .  Other  terms,  unimportant  i n  t h e  p r e s e n t  
c a s e ,  have been omi t t ed  from E q u a t i o n  3 .  I f  t h e r e  a r e  
end w a l l s  s o  t h a t  U = 0 then 

which h a s  t h e  same form a s  E q u a t i o n  1. 

Without end w a l l s  t h e  b a l a n c e  i s  between t h e  l e f t  hand 
s i d e  and t h e  second term on t h e  r i g h t  i e  

A s  the  s u r f a c e  l a y e r  v e l o c i t y  U i n c r e a s e s  l i k e  

d  l1 u,2 t / h  = ux2/-, f r o 4  the  momentum b a l a n c e ,  
d t  

i Eollows t!lat dh = C xi-i  
S ( 6 )  d t  

which has  t h e  same form a s  Equa t ion  2 .  

Observa t ions  i n  l a k e s  and t h e  ocean (Refs  21, 18) have 
been found t o  be i n  sood agreement w i t h  p r e d i c t i o n s  
o b t a i n e d  froro the  e q u a t i o n s  i n  t h i s  s e c t i o n .  



3 . 2  Shear  e f f e c t  
I n  a  plume t h e r e  w i l l  be s t r o n g  s h e a r  i n  t h e  d i r e c t i o n  
of t h e  wind which w i l l  a l s o  cause  d i s p e r s i o n  i n  t h a t  
d i r e c t i o n  (Kef 1 9 ) .  T h i s  e f f e c t  w i l l  have i t s  
g r e a t e s t  impact  when t h e  d i r e c t i o n  of t h e  wind i s  one 
i n  which t h e r e  a r e  s t r o n g  c o n c e n t r a t i o n  g r a d i e n t s  i n  
t h e  plume. I n  p a r t i c u l a r  l a t e r a l  s h e a r ,  p e r p e n d i c u l a r  
t o  the  plume c e n t r e l i n e  w i l l  be e f f e c t i v e  a t  r educ ing  
c e n t r e l i n e  c o n c e n t r a t i o n s .  

I n  a  bulk  o r  d i f f u s i o n  model t h i s  e f f e c t  should  b e  
inc luded  by d i r e c t  enhancement of t h e  l a t e r a l  
d i f f u s i o n .  I n  a  d e p t h - i n t e g r a t e d  model s i m i l a r l y  t h e  
d i f f u s i o n  should  be augmented i n  t h e  wind d i r e c t i o n  
( a n i s o t r o p i c  d i f f u s i o n ) .  However, i n  a  3D model t h e  
Tay lo r  d i s p e r s i o n  p r o c e s s  should  be f u l l y  mode l l ed ,  
t h e  i n t e r l a y e r  s h e a r  caus ing  bo th  t h e  d i f f e r e n t i a l  
a d v e c t i o n  t o  sp read  ou t  t h e  c o n c e n t r a t i o n  f i e l d  and 
t h e  i n t e r l a y e r  d i f f u s i o n  t e n d i n g  t o  mix i t  v e r t i c a l l y .  
No c o r r e c t i o n  t o  a 3D model should  be n e c e s s a r y .  

The s i z e  of t h e  d i s p e r s i o n  term can be e s t i m a t e d  from 
Refe rence  9. It i s  shown t h e r e  t h a t  i n  a  p a r a l l e l  
f low t h e  d i s p e r s i o n  c o e f f i c i e n t  can  be approximated 

by 

where h i s  t h e  d e p t h  of t h e  l a y e r ,  U'  is a  t y p i c a l  
v a r i a t i o n  i n  t h e  mean v e l o c i t y ,  t h e  overbar  d e n o t e s  
t h e  l a y e r  ave rage ,  E i s  t h e  l a y e r  a v e r a g e  v e r t i c a l  
t u r b u l e n t  d i f f u s i v i t y  and I i s  a  c o n s t a n t  depending on 
t h e  shapes  of t h e  v e l o c i t y  and d i f f u s i v i t y  p r o f i l e s .  
It  is sugges ted  i n  Reference  9 t h a t  I i s  always c l o s e  
t o  0.1. 

When t h e  plume has become v e r t i c a l l y  w e l l  mixed and  
buoyancy e f f e c t s  nave ceased  the  e x t r a  d i s p e r s i o n  due 
t o  wind can be e s t i m a t e d  from Equa t ion  7. With a  
l i n e a r  v e l o c i t y  p r o f i l e  7 becomes 

where U i s  t h e  v e l o c i t y  range Erom top  t o  bottom. I f  
t h e  v e r t i c a l  t u r b u l e n t  d i f f u s i o n  i s  supposed t o  be due 
t o  t h e  t i d a l  c u r r e n t  then  E = O.OG7huh where U* i s  t h e  
bed f r i c t i o n  v e l o c i t y  ( u a / 2 0 )  where ua i s  t h e  t i d a l  
c u r r e n t  v e l o c i t y .  I f  U i s  supposed equa l  t o  uw/30 
where uw i s  t h e  wind v e l o c i t y  t h i s  z i v e s  

With a  wind speed of 10m/s, a  d e p t h  of 10m and a 
c u r r s u t  oE l m / s  this gives: :< = 31a2/s. 



For  a  s u r f a c e  l a y e r  i t  is d i f f i c u l t  t o  p r o v i d e  an 
e q u i v a l e n t  fo rmula  as t h e  v a r i a t i o n  of c u r r e n t  s p e e d  
and v e r t i c a l  t u r b u l e n t  d i f f u s i v i t y  a c r o s s  t h e  l a y e r  
a r e  n o t  w e l l  known. Using fo rmula  9 can  o n l y  g i v e  a 
f i r s t  e s t i m a t e ,  f o r  example ,  i f  t h e  plume t h i c k n e s s  i s  
l m  t h e  d i s p e r s i o n  c o e f f i c i e n t  becomes 0.3m2/s.  

Such f o r m u l a e  o n l y  a p p l y  a f t e r  t h e  plume h a s  become 
w e l l  mixed and t h e r e  i s  a b a l a n c e  between d i f f e r e n t i a l  
a d v e c t i o n  and t u r b u l e n t  mixing.  

I t  shou ld  be n o t e d  t h a t  u s i n g  dye  e x p e r i m e n t s  where  
buoyancy i s  no t  i n c l u d e d  w i l l  g i v e  d i f f e r e n t  v a l u e s  of 
t h e  d i s p e r s i o n  c o e f f i c i e n t  u n t i l  t h e  dye becomes w e l l  
mixed through t h e  dep th .  T h i s  i s  because  i n  t h e  
absence  of buoyancy t h e r e  is no lower  boundary  t o  t h e  
? l u n e ' s  s p r e a d i n g  and E q u a t i o n  7  i s  t h e r z f o r e  not  
v a l i d .  The plume w i l l  t e n d  t o  s p r e a d  r a p i d l y  b e c a u s e  
v e r t i c a l  d i f f u s i o n  c o n t i n u o u s l y  i n c r e a s e s  t h e  r a n g e  of 
v e l o c i t i e s  i n  t h e  plume ( s e e  Ref 9 ) .  

3 . 3  Model example 
A s  i t  seems t h a t  n o s t  of t h e  e f f e c t s  of wind on a  
buoyant  plume a r e  c o r r e c t l y  i n c o r p o r a t e d  i n  a 3D model  
i t  was d e c i d e d  t o  u s e  such a  model t o  s e e  how 
s e n s i t i v e  t h e  r e s u l t s  were t o  tlie wind s p e e d .  T e s t s  
were r u n  f o r  a  150m3/s c o o l i n g  w a t e r  o u t f a l l  i n  a b o u t  
7m of w a t e r  a t  a  t e m p e r a t u r e  e x c e s s  above  ambien t  of  
l l ° C .  The a r e a  concerned  has  a s p r i n g  t i d e  r ange  of 
4m and a  c u r r e n t  a m p l i t u d e  of 0.2m/s.  The model was 
r u n  w i t h  4 l a y e r s  of d e p t h  l r n  a t  t h e  s u r f a c e  and one  
more l a y e r  t o  r e p r e s e n t  t h e  r e s t  of t h e  w a t e r  column. 
The h o r i z o n t a l  g r i d  was l0Om and t h e  t i m e s t e p  was 3 . 8  
s e c .  The model w a s  r u n  w i t h  no wind b u t  a l s o  w i t h  
o f f s h o r e  winds of 5m/s and 10m/s. Both t h e  c o o l i n g  
w a t e r  d i s c h a r g e  and t h e  wind began a t  h i g h  w a t e r  s o  
t h e  p r o c e s s e s  a s s o c i a t e d  w i t h  wind t a k e  a w h i l e  t o  
have a n  e f f e c t .  The r e s u l t s  f o r  t h e  t h r e e  t e s t s  a r e  
shown i n  F i g u r e s  4-6. No s u r f a c e  c o o l i n g  i s  i n c l u d e d  
i n  t h e s e  s i s u l a t i o n s .  

Comparing F i g u r e s  4 and 5 shows t h a t  a 5:n/s wind 
a f f e c t s  toainly t h e  p o s i t i o n  of t h e  plume b u t  i t  seems 
t h a t  t h e  e x t r a  mixing  does  n o t  s r e a t l y  a f f e c t  t h e  
s u r f a c e  t e m p e r a t u r e s .  Towards t h e  end of t h e  t i d e  
t h e r e  is  some i n d i c a t i o n  of t h e  i s o t h e r m  a r e a s  b e i n 2  a 
l i t t l e  skoaller  t h a n  i n  t h e  a b s e n c e  of wind. F i g u r e  6 ,  
f o r  a  101n/s wind,  shows c l e a r l y -  t h e  e x t r a  mix ing  t h a t  
o c c u r s .  The s u r f a c e  l a y e r  t e m p e r a t u r e s  a r e  s t u a l l e r  
than  i n  t h e  p r e v i o u s  c a s e  a s  i s  shown by t h e  r educed  
i so the r in  a r e a s .  

These model r e s u l t s  i n d i c a t e  t h a t  f o r  low wind s p e e d s  
t h e  plume t r a j e c t o r y  inay be a l t e r e d  w i t i l  v e r y  l i t t l e  
change t o  t h e  mix ing  but  how t h e  mix ing  bnco;nes v e r y  
e f f e c t i v e  a: h i g h e r  windspeeds .  



4 CONCLUSIONS 
The dynamics of buoyant plumes w i t h o u t  wind have been 
reviewed and t y p e s  of numer ica l  model t o  s i m u l a t e  them 
have been d e s c r i b e d .  

The e f f e c t  of t h e  wind i n  making t h e  s u r f a c e  l a y e r  
t u r b u l e n t  and e n t r a i n i n g  t h e  u n d e r l y i n g  ambient has  
been i n v e s t i g a t e d .  Exper imenta l  work h a s  shown two 
i o p o r t a n t  regimes depending on whether t h e  s u r f a c e  
l a y e r  i s  f r e e  t o  move (no end w a l l s )  o r  whether t h e  
p resence  of a  c o a s t  means t h a t  t h e r e  i s  no mean 
c u r r e n t  i n  t h e  s u r f a c e  l a y e r .  I n  t h e  f i r s t  c a s e  t h e  
en t ra inment  r a t e  i s  p r o p o r t i o n a l  t o  t h e  i n v e r s e  s q u a r e  
r o o t  of t h e  Richardson number. T h i s  i s  much l a r g e r  
than  i n  t h e  second c a s e  where t h e r e  i s  no mean s h e a r  
and t h e  en t ra inment  r a t e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  Richardson number. A s  t h e  Richardson number i s  of 
t h e  o r d e r  of hundreds t h e  d i f f e r e n c e  between t h e s e  
regimes i s  c r i t i c a l .  Near t o  t h e  o u t f a l l  where t h e  
buoyancy i s  a t  i t s  g r e a t e s t  t h e  wind e f f e c t  i s  
u n l i k e l y  t o  be impor tan t .  F a r  from t h e  o u t f a l l  i t  i s  
a l s o  u n l i k e l y  t o  be i m p o r t a n t  where t h e  plume becomes 
w e l l  mixed through t h e  wa te r  column. 

The e f f e c t  of t h e  wind i n  c a u s i n g  l a t e r a l  mixing by 
T a y l o r  d i s p e r s i o n  depends on t h e  s t r e n g t h  of t h e  wind 
a c r o s s  t h e  c u r r e n t .  

I n  a  s imple  plume model t h e  wind e f f e c t  has  t o  b e  
i n c o r p o r a t e d  a s  an  en t ra inment  r a t e  f o r  v e r t i c a l  
d i f f u s i o n  and a  l a t e r a l  d i s p e r s i o n  c o e f f i c i e n t .  I n  a  
2 D  d e p t h - i n t e g r a t e d  model on ly  t h e  l a t e r a l  d i s p e r s i o n  
c o e f f i c i e n t  i s  i m p o r t a n t  and i n  a  3 D  model t h e  e f f e c t s  
a r e  inc luded  i n  t h e  model. 

The 3D model has  been run f o r  a  c o o l i n g  wa te r  plume 
w i t h  and wi thou t  a  wind. The r e s u l t s  show t h a t  t h e  
plume t r a j e c t o r y  i s  i n i t i a l l y  Inore a f f e c t e d  than  t h e  
t empera tu res .  A s  t h e  wind s t r e n g t h  i n c r e a s e s ,  
though, ve ry  s t r o n g  mixin2 causes  t h e  r a p i d  
d i s s i p a t i o n  of t h e  plume. 
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